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Helium interactions with alumina formed by atomic layer deposition show potential for mitigating problems with excess helium in spent nuclear fuel 
t r a c t
Helium gas accumulation from alpha decay during extended storage of spent fuel has potential to compromise the structural integrity the fuel. Here we report results obtained with surrogate nickel particles which suggest that alumina formed by atomic layer deposition can serve as a low volumefraction, uniformly-distributed phase for retention of helium generated in fuel particles such as uranium oxide. Thin alumina layers may also form transport paths for helium in the fuel rod, which would otherwise be impermeable. Micron-scale nickel particles, representative of uranium oxide particles in their low helium solubility and compatibility with the alumina synthesis process, were homogeneously coated with alumina approximately 3e20 nm by particle atomic layer deposition (ALD) using a fluidized bed reactor. Particles were then loaded with helium at 800 C in a tube furnace. Subsequent helium spectroscopy measurements showed that the alumina phase, or more likely a related nickel/alumina interface structure, retains helium at a density of at least 10 17 atoms/cm 3 . High resolution transmission electron microscopy revealed that the thermal treatment increased the alumina thickness and generated additional porosity. Results from Monte Carlo simulations on amorphous alumina predict the helium retention concentration at room temperature could reach 10 21 atoms/cm 3 at 400 MPa, a pressure predicted by others to be developed in uranium oxide without an alumina secondary phase. This concentration is sufficient to eliminate bubble formation in the nuclear fuel for long-term storage scenarios, for example. Measurements by others of the diffusion coefficient in polycrystalline alumina indicate values
Introduction
Nuclear reactor fuels are typically dense uranium oxide formed into~cm scale pellets and encapsulated in metal for isolation from reactor coolant. Decaying actinides, e.g. short-lived actinides that are produced by capture reactions, as well as n, alpha and n,n þ alpha reactions, lead to emission of alpha particles. The volumetric generation of helium from these alpha particles is then a significant concern during long-term spent fuel storage. Actinides actively produce helium during spent fuel storage, such that the increasing helium concentration can plausibly reach its low solubility limit in uranium oxide [1] after more than a hundred years in a repository [2, 3] . Due to helium's low diffusion rate below 400 C [3] under typical repository conditions, helium build-up in grains or at grain boundaries introduces potential for both pellet cracking and fuel embrittlement [3e8] . Although the specific outcome of helium accumulation on the microstructure evolution of reactor fuel is still under study, alleviation of helium buildup can be generally useful for a wide range of spent fuel storage scenarios.
In time, helium migrates along crystallographic grain boundaries over transport distances measured in microns [2] . If the gas could be sequestered in void spaces provided at the time of fuel preparation, or if an alternative diffusion path could be introduced for helium to escape the fuel rod to a controlled collection volume, then in principle the end-of-life pressure could be kept low enough to prevent distortion of the fuel. Previous investigations have focused on improving diffusivity of fission gases in nuclear fuel materials, mainly by doping additives into the uranium oxide matrix [9, 10] . In particular, work done by Turnbull and Friskney [11] demonstrated that optimizing diffusion mechanisms along grain boundaries was useful to eliminate gas buildup.
However, there may also be utility in incorporation of a secondary material that has sufficient helium capacity or diffusivity at low pressure, and can be synthesized and optimized independently of fuel chemistry. As an additive in fuel pellet fabrication, it would require only minimal elaboration of the normal process. However, the short helium migration distance in uranium oxide requires very small particles of absorbent mixed very uniformly into the fuel. Coating of the fuel particles themselves would solve this uniformity problem, because the uranium oxide itself is prepared in the form of micron-sized particles prior to consolidation. The actual amount of helium to be transported per particle is small, so only minimal intrinsic absorption in the coating would be required.
A process which seems to offer advantages in this application is atomic layer deposition (ALD) on particles [12] . It is based on reaction of two chemical precursors at the surface of a particulate substrate, and differs from more traditional chemical vapor deposition (CVD) in that the surface is exposed to each precursor separately. The deposition is then self-limiting, enabling precise control of film thickness. After exposure to the first reactant, the surface bears a chemisorbed sub-monolayer; the environment is purged of that reactant, and the second reactant is admitted to form a sub-monolayer of film. This reactant is then purged, and the process repeated, building a conformal coating of as many molecular layers as desired on primary particles. Although ALD is typically used on flat surfaces in the electronics industry, for present purposes a fluidized bed reactor is more appropriate; particles are lifted and agitated by inert carrier gas, so that the bulk properties are those of a fluid. This technique permits excellent control and is scalable to the production rates which would be necessary for nuclear fuel manufacturing.
There are a number of constraints on the chemistry for a coating that facilitates helium transport or capture in nuclear fuel. First, it must be compatible with the nucleonics of the reactor: low neutron absorption and no transmutation into a material which would not sequester helium. Second, the coating must be thermodynamically compatible with the reactor fuel (and to a lesser extent, the cladding alloy) over the expected lifetime of the fuel. Given the high temperature, long time, and small distances involved, even slight chemical reactivity would compromise the function of the coating. The highest temperatures of the nuclear fuel cycle occur during sintering. Sintering temperatures range from 1600 C to 1800 C [13e18]. However, a recent study has demonstrated fuel sintering at temperatures as low as 835 C via spark plasma sintering (SPS) [15] . Lower sintering temperatures open an array of potential materials to be used as fuel additives that could not maintain their favorable properties toward helium sorption upon exposure to temperatures over 1600 C.
Alumina is an inert metal oxide potentially suitable with CERCER and CERMET nuclear fuels, which are based on ceramic MgO and metal Mo matrices, respectively. The interaction with implanted helium with alumina, MgO, and other inert matrix metal oxides has been examined by van Veen et al. [19] Alumina was chosen for study here because of its compatibility with the promising particle ALD process for distribution of the material around nuclear fuel particles. A comprehensive review of ALD chemistry shows the compatibility of the ALD alumina synthesis process with both uranium oxide and nickel substrates [20] . Alumina has been demonstrated to be thermodynamically compatible with the uranium oxide reactor fuel, i.e., no new phase will form up to 2000 K [21, 22] . Also, aluminum's low neutron cross section [23] precludes significant neutron interactions during nuclear fuel operation and storage. In fact, fuels directly incorporating aluminum for, among other advantages, improved thermal conductivity have been previously investigated [24, 25] . Helium transport properties in alumina can be understood with complementary data such has been previously obtained by van Veen [19] and Hurst [26] . Finally, there are indications that alumina surrounding nuclear fuel particles can improve mechanical stability of the fuel composites [15] . In the future, ALD processes may be developed for inert metal oxides with greater thermal stability, such as yttria-stabilized zirconia, or metal silicates. This study, however, focuses exclusively on nickel particles as surrogates for uranium oxide nuclear fuel and alumina as a first material for examination to facilitate helium transport and retention.
Experimental and simulation methods

Materials
Nickel particles (diameter~3 mm, 99.7%, Aldrich Chemical Company) were used as surrogate substrates for uranium, since helium is expected to behave comparably in alumina on both nickel and uranium oxide particles. ALD alumina also shows comparable affinity for both nickel and uranium oxide surfaces because the ALD reaction processes mainly depend on a hydroxylating substrate surface to proceed [20] . Moreover, nickel has comparably low helium solubility relative to single crystal uranium oxide [27] . We measured the Brunauer-Emmett-Teller (BET) surface area of these nickel particles to be 0.617 ± 0.014 m 2 /g, with nitrogen (Micrometrics Gemini V BET Surface Area Analyzer). This is a lower bound for the surface area for helium, due to the smaller physical size of helium atoms compared to nitrogen molecules. A custom fluidized bed reactor (FBR) [28] was used for the gasdelivery of the reactive ALD precursors (Al(CH 3 ) 3 and H 2 O). This chemistry has been used extensively to deposit conformal Al 2 O 3 films by ALD [29, 30] , including on Ni [30] . Here, three sample types were prepared corresponding to 25, 50, and 100 ALD cycles using a deposition temperature of 177 C and pressures of 1e10 torr.
Helium spectroscopy
All samples were treated in argon (1 l/m, 800 C, 18 h) followed by helium (0.5 l/m, 800 C, 18 h). Copper getters were employed upstream of the nickel particles during the heat treatment to scavenge oxygen and any other trace reactive molecules present in the source gas to prevent reaction of these molecules with the ALD alumina or the nickel. After the completed helium treatment, the portion of the copper getters immediately upstream from the ALDcoated nickel samples appeared pristine (unreacted) by visual inspection, indicating minimal interaction of the particles with species other than noble gases.
Helium measurements were performed in the Livermore Noble Gas Laboratory using a Nu Instruments Noblesse noble gas mass spectrometer. All measurements were performed using a peak hopping routine on a single electron multiplier. Samples for analysis were encapsulated in high-purity platinum-iridium alloy tubes and placed under ultra-high vacuum conditions. The samples were incrementally degassed using a 75 W Photon Machines diode laser (l ¼ 970 nm) equipped with a co-axially aligned optical pyrometer for temperature control. As part of our helium spectrometry measurement process, samples are first brought to elevated temperatures (>200 C) in vacuum, before measurements begin at 450 C. The degassing schedule consisted of extractions at temperatures of 450e1250 C. The samples were held at the set-point temperatures for a duration of 150 s. The released gas was purified using two SAES getters (one hot and one cold). To determine helium abundances, the sample analyses were bracketed by a calibrated helium spike. Isotope abundances were calculated at the time of admission into the mass spectrometer based upon polynomial regressions fit to the peak hopping scans. All heating steps and spike measurements were corrected for system backgrounds.
Electron microscopy and spectroscopy
Scanning electron microscopy (SEM) was performed on the asreceived nickel particles prior to alumina coating, as well as the coated particles. Energy dispersive X-ray spectroscopy (EDS) was also done on the 25, 50, and 100-cycle ALD samples.
Transmission electron microscopy (TEM) and selective area diffraction (SAD) were performed on the 50-cycle as well as the thermally treated 50-cycle ALD alumina-nickel samples to determine the microstructure and crystal structure of the original and thermally treated samples. Simultaneous scanning TEM (STEM) and electron energy loss spectroscopy (EELS) were used to determine the thickness of the Al 2 0 3 layers on the 25-cycle, 50-cycle, and 100-cycle ALD alumina-nickel nanoparticles, in addition to the 50-cycle thermally treated (800 C) sample. Bright field TEM images and SAD patterns were acquired on a JEOL 2500SE, while simultaneous STEM images and EELS spectra were acquired on an aberrationcorrected JEOL 2100F equipped with a post-column EELS spectrometer. An accelerating voltage of 200 kV was used for the acquisition of (S)TEM images as well as EELS spectra.
Simulation
We performed molecular modeling on the alumina materials interaction with gases. Interaction between cations and anions in alumina are considered purely ionic except for excluded volume, which is modeled by a short-range Buckingham potential (cutoff distance 10 Å). This leads to the following interaction (eq. (1))
where A, r and C are empirical parameters, r the distance between two ions, q i the charge of ion i. The long range electrostatic interaction was calculated using Ewald summation. Empirical parameters are found in Ref. [31] . The interaction energy between helium and O 2À is described by a 12-6 Lennard Jones potential, with parameters provided in Ref. [32] (cutoff distance 7.5 Å). Helium and Al 3þ interaction is neglected due to the low polarizability of aluminum compared to oxygen. The construction of simulation models and the simulation of the helium transport property were realized using molecular dynamics (MD) using the LAMMPS suite [33] . Helium retention and absorption was simulated using Grand Canonical Monte Carlo (GCMC) in the Towhee modeling suite [34] .
Amorphous alumina and d-alumina construction
An amorphous alumina model was built using the melt-quench method: starting from the well-relaxed alpha crystal phase (unit cell size: 33.16 Â 24.62 Â 25.88 Å, 2520 atoms total), the structure was heated from 300 K to 5000 K at a heating rate of 10 K/ps under NPT (P ¼ 0) conditions, held at 5000 K for 1 ns and then quenched to the metastable amorphous phase at 300 K at a cooling rate of 10 K/ps. The final structure was equilibrated at 300 K for 3 ns and yields the final density of 3.27 g/cm 3 . We refer to this as the "300 K amorphous model" in the following.
d-alumina is one of the possible intermediate phases in the transformation from amorphous alumina to the final stable aalumina, and its structure is still actively studied due to its highly defective nature, small crystallite size and coexistence with galumina [35] . Here we chose the d 1 -Al 2 O 3 structure, as characterized in Libor et al. [35] , as one simulation model to discuss its helium retention behavior. The model (unit cell size: 39.68 Â 31.8 Â 35.04 Å) has been relaxed and equilibrated under NPT (T ¼ 300 K, P ¼ 0) conditions for 1 ns (final density 3.75 g/cm 3 ). For the following helium retention simulation at temperatures from 300 K to 800 K (in steps of 100 K), the 300 K amorphous model and the d-alumina model were heated each to the designated temperature with a constant heating rate of 10 K/ps, and equilibrated under NPT (P ¼ 0) condition (5 ns for 400 K and 500 K, 8 ns for 600 K and 700 K, and 10 ns for 800 K; lower-temperature structures equilibrate faster since all are heated from original 300 K structure. The higher the temperature, the more the structure is influenced by the heating process, and needs more time to equilibrate.). The generated structures are referred to as the 400 K, 500 K, 600 K, 700 K and 800 K models, respectively.
Helium retention simulation
The quantity of helium retained was first determined at different temperatures using the corresponding models from 300 to 800 K. As we verified in our diffusion simulation, Al 3þ and O
2À
ions barely diffuse below 800 K, thus alumina models were kept rigid in GCMC to reduce computation time, while each model still captures the possible volume expansion at higher temperature conditions. Retention at 100 K was also simulated to ensure a sufficient number of helium atoms were present for transport study. The 300 K model was used for the retention calculation at 100 K. The helium retention isotherm at 300 K was obtained by simulating the retention amount as a function of pressure from 0.1 to 400 MPa. Three types of Monte Carlo (MC) moves were allowed in the GCMC simulation: insertion, deletion and translation of He atoms. 10 8 total MC steps were performed to reach full equilibration, with insertion acceptance rates from 0.4~0.08% for the amorphous case, depending on temperature. The delta phase has an extremely low acceptance rate, around 10 À6 .
Helium transport simulation
The motion of helium atoms in amorphous alumina was studied using MD under NPT (P ¼ 1 bar) at temperatures ranging from 300 to 800 K in 100 K steps. The initial configuration and the quantity of absorbed helium atoms come from the GCMC helium retention study at 100 K. Each structure was first heated to the diffusion temperature with a heating rate of 10 K/ps starting from 300 K, and then equilibrated for 10 ns. The diffusion data were collected during a 5 ns production run.
Results and discussion
Helium spectroscopy characterization
After exposure to helium treatment the nickel control samples ("Ni1", "Ni2") as well as the alumina coated nickel samples ("ALD 25", "ALD 50", and "ALD 100") were analyzed for their helium content using mass spectrometric techniques described in the Methods section. The results, normalized by the sample mass, are shown in Table 1 . EDS showed more carbon on the 50-cycle ALD samples relative to 25 or 100 cycles, as summarized in Table 1 , likely due to process variability in the ALD reactor.
The helium content of the two nickel control samples agrees within 2s and it is at least an order of magnitude lower than the alumina coated samples. The nickel sample coated with 25 atomic layers of alumina (ALD 25) showed an increased retention of helium approximately 10 times that of the nickel controls, indicating that substantial amounts of helium were retained within the alumina or related structures (see Table 2 ). Doubling the number of alumina layers to 50 (ALD 50) resulted in the retention of approximately 20 times as much helium. Interestingly, nickel particles coated with 100 atomic layers of alumina showed a 10% decrease in the helium content over those coated with 50 atomic layers. This apparent discrepancy may be due to chemical differences observed in the ALD 100 sample and can be seen from Table 1 , where ALD 50 shows higher carbon percentage. For example, the carbon may be more representative of a chemical vapor deposition (CVD) process, where nanoparticles of alumina may have resulted in a porous film instead of a pinhole-free alumina film deposited by ALD. Although the source of these retention differences is not obvious, we observe that the deposition of alumina upon nickel microparticles consistently and substantially increases the retention of helium.
The incremental releases of 4 He as a function of temperature from the laser heating experiments are shown in Fig. 1 . The data for the nickel control sample indicate that very little helium is released except at the initial heating step and in the final two steps at 1250 and 1430 C. The elevated helium release at 450 C likely reflects the loss of loosely bound helium on the surface of the particles. The helium release at high temperatures occurs when the nickel begins to melt (the nickel melting point is 1455 C). The data for the ALD coated samples show increased helium release as compared to the nickel control, due to the retention of helium within the alumina layers, or at the alumina-nickel interface. All three samples release a majority of the total 4 He near the loading temperature of 800 C.
The existence of multiple release peaks suggests there are several 4 He binding modes in the structure. High levels of helium release were also observed near the nickel melting temperature for the ALD 25 sample, which suggests that an anomalously high concentration of 4 He may have been retained within the nickel substrate, in the absence of an alumina coating. ALD samples not exposed to the helium loading treatment were not analyzed, so the possibility that the ALD process may have contributed to the elevated helium content cannot be discounted. However, the low (177 C) ALD processing temperature makes this scenario unlikely. (1.67 ± 0.02)e12 Fig. 1 . Helium release data as a function of temperature for the nickel control (cyan diamonds) and the ALD 25, 50 and 100 samples (red circles, blue triangles and purple squares, respectively). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
Structural analysis of the alumina-Ni particles
The as-received nickel particles are approximately 3 mm in diameter and have significant surface texture as seen in Fig. 2 . EELS line scans were acquired across small spikes, which protruded from the larger Ni particles, as shown in the annular dark field (ADF) STEM images in Fig. 3(a) , (b), and (c). The integrated intensity of the O K-edge, the Ni L 2,3 edge, as well as the ADF image intensity were plotted as a function of distance across regions of interest in the individual spikes (Fig. 3 (a), (b) , and (c)). EELS provides an approximate oxide thickness from the oxygen content by measuring the distance of the O K-edge intensity, in regions where the Ni L 2,3 intensity is negligible. This process prevents contribution of an oxygen signal from the nickel oxide layer from being considered in the measurement of the aluminum oxide layer thickness. Furthermore, growth of the native nickel oxide layer is unlikely since the heat of formation for aluminum oxide is much lower than that of nickel oxide. From averaging the oxide thickness for several tip features across several particles for each sample, we obtain an approximate thickness of alumina deposited from the ALD process. The results are summarized in Table 3 . The EELS scan details are found in the Supporting Information, Figure S1 . The transition between the 25-cycle and 50-cycle deposition is consistent, but the 100-cycle alumina thickness is larger than would be expected based on the 25-and 50-cycle thicknesses. It is also interesting to note that the thickness of the oxide content nearly doubles after 800 C thermal treatment for 18 h. The EELS scans performed on the tip features of the alumina-Ni particles reveal that the oxide cutoff is not sharp compared to the nickel profile. This is likely due to three-dimensionality in the tip features and roughness of the nickel surface. In Fig. 3(a) and (b) particularly, the oxide edge appears to overlap with the nickel. This perceived effect is due to the EELS scan detecting both the top and bottom alumina layer, the native nickel oxide layer, with pure nickel in between the top and bottom oxide layers. However, in the center of the tip feature, the oxide signal is significantly reduced due to the increased inelastic scattering probability of the Ni L 2,3 edge. This is caused by the increase in volume of Ni compared to the alumina and native nickel oxide layers.
Nanostructure changes due to temperature
After thermally treating the 50-cycle alumina-Ni sample during helium loading, identical STEM and EELS characterization were performed on the samples. The data, summarized in Table 3 , indicate that after helium heat treatment the alumina thickness increases. Either oxygen has diffused into the nickel, or else the nickel tip features have receded. From the STEM and EELS analysis shown in Fig. 4 , it appears that the thermal treatment resulted in some blunting and void formation in the 50-cycle sample. In Fig. 4(b) particularly, the formation of a void at the tip can be seen in the ADF STEM image in Fig. 4(b) , where image intensity approximately scales with the atomic number squared (~Z 2 ) [36] . The formation of a void is further supported by the corresponding EELS line scan performed vertically down the tip, revealing that some nickel has diffused away from the tip, leaving an alumina-only cage around a void. TEM bright field images and SAD patterns were also acquired from the 50-cycle (no thermal treatment) and 50-cycle postthermal treatment samples to characterize the structural changes in the alumina layer after helium loading conditions. From Fig. 5(a) we observe that the 50-cycle pre-heat sample retains an amorphous alumina layer due to the lack of diffraction contrast in the bright field image. This is also supported by the SAD pattern acquired from the same area (Fig. 5(a) ), which yields no diffraction spots from an alumina phase. However, after the 800 C treatment, high resolution TEM (HRTEM) images reveal lattice fringes in the alumina oxide layer (Supporting Information Figure S2 ). Furthermore, SAD patterns from these samples indicate a transition to a polycrystalline structure, characterized as q-phase or d-phase alumina ( Fig. 5b ad 5c ). This transition is expected, as shown in the literature [37, 38] . The amorphous alumina that exists at low temperature immediately after deposition will ultimately transition between several polymorph structures from g, d, q, and ultimately a-phase alumina, or corundum. In particular, both d and q-alumina seem to be highly transient states, with the q to a transformation more widely cited. At temperatures of approximately 1100e1200, the q to a transformation is observed [39, 40] , whereas at lower temperatures between 500 and 1000 C, d and q-alumina transformations occur. In terms of structure however, both d and qalumina are highly similar to g-alumina in density [40] .
Simulated helium retention
For application of alumina to nuclear fuel storage, it is useful to derive the helium retention concentration in the alumina phase (number/volume) from the retention amount normalized by the alumina-Ni sample mass (number/mass) ( Table 2 ). The deposited alumina volume per mass is estimated as alumina film thickness times its specific surface area.
Here we assume Ni particles do not have a significant mass change after alumina deposition. The thickness of the deposited alumina film can be estimated from EELS measurement; however, the difficulty lies in estimating the specific surface area, as the irregular surface of Ni particle can hardly be approximated as spherical (cf. Fig. 2 ). We therefore employ gas adsorption to estimate the irregular surface area of Ni particles at 0.617 ± 0.014 m 2 /g. Note that this is a lower bound for a helium relevant surface, since the measurement was performed with nitrogen. However, with this lower bound the helium retention concentration (number/ cm 3 ) can be calculated as in Table 4 .
An alumina simulation model was built to further understand gas retention. Alumina has different polymorphs [41] in the relevant different temperature range (see SAD experiments in Section 3). The amorphous phase is first studied because fluid ALD technique generates this structure, as shown from TEM diffraction measurements (cf. Fig. 5 ).
Simulated helium's retention concentrations from 300 to 800 K for the amorphous model are shown in Table 5 . The retention concentration decreases with temperature. Quantitative analysis reveals the retention concentration is described by the following exponential relation: Fig. 2 . SEM image of the as-received nickel particles. From plotting ln C versus 1/T (Supporting Information Figure S4 ), we obtain good linearity indicating consistent absorption heat released in this process, with characteristic energy 0.0999 eV (886 C).
The fitted value is 2e6 times lower than in the measured case, depending on deposited alumina's thickness. A possible reason for this difference is that the measured specific surface area (made with nitrogen) is a lower bound with respect to helium, therefore the experimental retention concentration calculated here serves as an upper bound. Also, the density of amorphous alumina can vary depending on the cooling rate in experiments. Here only one density is sampled. Lower densities are possible [42] , which will increase free volume and thus helium retention. Finally, in addition to absorption in the bulk, adsorption at the surface could occur, leading also to helium retention capacity changes with deposited alumina thickness.
Helium retention in the d-phase was also simulated. This phase retains very little helium during GCMC in the 300 to 800 K range. This observation may explain, for example, why the initial helium loading temperature at 800 C is close to the helium release peak from alumina (Fig. 1) . The initial loading happens with alumina still Table 3 Average alumina thickness deposited on nickel particles. in its amorphous phase, as the transformation to the d-phase can be slow enough at constant temperature environment to keep some of its amorphous phase to trap helium. However, reheating the sample from 450 to 1430 C greatly increases the crystallization rate, and helium mobility increases with temperature as well. Both factors lead to rapid liberation of helium from the remaining amorphous phase, since d-phase alumina has negligible helium solubility. In fact, it is likely that during reheating, 800 C is a phase transformation point, as a sharp release peak appears at this temperature. Based on our own TEM results and previous literature [38] , the final alumina structure very likely turns completely polycrystalline after enough time of exposure in high temperature. Grain boundaries will thus be present, leading to different retention and transport properties from bulk phase. Our simulation models serve as single crystal structure that do not include grain boundaries, and thus underestimate the retention capacity of polycrystalline materials. In Hurst [26] measurement of helium diffusion in polycrystalline alumina indicates significant helium solubility. Grain boundaries will also facilitate the helium diffusion process, which is important for helium transport as will be discussed in section 3.5.
Pressure is also important to consider for helium retention. van Veen et al. [19] estimated 10 22 helium cm À3 can be generated if the fission product Am is fully decayed, which leads to 40e400 MPa Tables 1 and 2 ).
pressure inside the fuel oxide particle, depending on the porosity of the material. Ferry et al. [2] noted the pressure of a formed gas bubble could be as high as up to 15 GPa. Therefore, the retention capacity of amorphous alumina should also be examined at different pressure conditions. MC reveals that an increase in pressure greatly enhances the retention concentration (Supporting Information Figure S5 ). Pressure in the GPa range is not considered however, since such high pressures can cause mechanical changes to alumina. At 400 MPa, the retention concentration reaches 3.6 Â 10 21 helium cm À3 . Considering a helium concentration of 4.2 Â 10 19 cm À3 after 300 years in the spent fuel [2] , the storage of total helium amount requires the volume ratio between alumina and host fuel material to be around 0.01. For spherical fuel particles with an average fuel particle radius of 3 mm (as noted previously, uranium oxide itself is typically prepared in the form of micronsized particles), then the required alumina layer thickness is around 10 nm.
Gas transport properties and simulation results
Transport of helium atoms was simulated in amorphous alumina. The mean square displacement (MSD) of helium was characterized at temperatures from 300 to 800 K. Below 800 K, helium atoms can be easily trapped in local potential wells, reflected by the fluctuations in the MSD (see, for example, Supporting Information Figure S6 ). The sudden fluctuations correspond to the jump of He atoms from one local minimum position to another. At 800 K, regular diffusion becomes noticeable and a diffusion coefficient D can be obtained by linear fitting according to eq. (3):
where r 2 is the mean square displacement and t is time. Amorphous alumina yields D at 800 K to be 4.5 Â 10 À12 m 2 /s. A direct comparison with experimental diffusion values in our own system is not possible, since the kinetic analysis based on helium release ( Fig. 1 ) reveals that diffusion is unlikely to be the rate limiting step for helium release measured by spectroscopy (Table S3) . Instead, we are likely measuring thermally-activated desorption from the internal nickel-alumina surface [43] , since little helium release is measured in the nickel control particles. Nevertheless, diffusion is still the main transport mechanism over micrometer ranges or larger as within fuel pellet, and therefore merits further examination. In experiments the presence of voids and grain boundaries further facilitate diffusion in ways not captured by this simplified model. However, our model can be used as a lower bound estimation for diffusion within amorphous alumina. A model developed by Turnbull and Friskney (eq. (4)) can be employed to estimate the effect of a second, higher-diffusivity phase in the nuclear fuel. This model, optimized for the diffusion of fission products which inherently have a decay time constant, is effective in showing an approximation of how the physical dimensions of the system affect the fractional release of generated byproducts, such as helium, from grain boundaries. The model is applicable to different gases, including helium, as the diffusion parameters can vary correspondingly to the specific type of gas examined. We assume that the alumina-coated nickel nanoparticle system behaves similarly to the large-grained (3e5 mm diameter) uranium oxide system for which the equation was developed, except the diffusion coefficient of helium in uranium oxide is slower than in in nickel case. The pre-exponential factor and activation energy in uranium oxide are at the order of 10 À10 m 2 /s and around 2 eV [27] , respectively, while that in nickel are around 10 À6 m 2 /s and 0.81 eV [44] . This leads to a smaller D L value with real fuel materials in eq. (4). Instead of having a fixed physical system as done by Turnbull and Friskney, however, here the radius of fuel pellet was varied from 1 mm to 100 mm. In reality the radii of typical fuel pellets are on the order of 10 mm [45] . Because the model does not include a packing factor or take porosity into consideration, the individual pellet size can be treated as the total system size when the fuel rod is comprised of multiple pellets compacted homogeneously. Values of the radioactive decay constant l were varied from 10 À7 to 10 À1 s À1 in Turnbull and Friskney.
Other constants are shown below. 
The predicted release fraction as a function of pellet size is shown in Fig. 6 . The inclusion of alumina, which has a diffusion constant about 7 magnitudes of order greater than nickel [26] , improves the fractional release of fission products by 3 orders of magnitude. For the case of uranium oxide, such improvement is expected be more significant as the D L is even smaller. Fig. 6 shows that the presence of a secondary material with a higher diffusion coefficient can improve the transport properties of the system substantially, for a large range of pellet sizes. Such improvement becomes more significant with increasing temperature, for example if the diffusion coefficient is about a hundred times higher at higher temperature, the release fraction will be improved by approximately one order of magnitude with the same pellet size. From Equation (4), the secondary material's diffusion coefficient (D gb ) is approximately proportional to the fractional release (F gb ). However, variations in the physical properties such as the nickel particle size, helium generation time and overall pellet size have greater consequences on the fractional release. From  Fig. 6 , the decrease of pellet size by 2 orders of magnitude leads to the increase of fractional release at the same order. The effect of helium generation rate, as reflected by l, is shown in Fig. 7 .
The different time scales in Fig. 7 represent 1/l, where l is the radioactive decay rate that was varied from 10 À7 to 10 À1 s À1 in
Turnbull and Friskney. The longer the decay time, the slower the helium will be generated. With a time scale increasing from hours (6 h correspond to l~10 À4 s
À1
) to months (3 months correspond to l~10 À7 s À1 ), the fractional release is improved by 2 orders of magnitude. This behavior is due to the fact that the fractional release depends on the ratio between the release rate (diffusion rate) and the generation rate of helium. Fig. 7 shows that an 80% fractional release or higher can be achieved with a realistic 10 mm diameter pellet, assuming a radioactive decay time of 3 months or longer.
Conclusions
Our results illustrate the potential for thin layers of heliumretaining materials to act as retention reservoirs and diffusion paths in spent nuclear fuel. In this work alumina layers were formed on surrogate nickel particles by atomic layer deposition. Alumina thicknesses ranged from 3 nm to 20 nm, as confirmed by EELS. Helium was loaded into the particles at 800 C for over 18 h in a tube furnace. From TEM and SAD characterization, the originallydeposited alumina was amorphous, and experienced a phase transition to q-alumina and/or d-alumina at a temperature equal or lower than 800 C, consistent with the observations by others [38] on heated ALD alumina films.
Helium spectroscopy measurements indicate that the thin alumina layer can increase the helium storage capacity up to two orders of magnitude relative to the uncoated nickel. Monte Carlo simulations suggest that such improvement could be realized by an amorphous alumina phase, where at 400 MPa its retention capacity at 300 K can fully contain the produced helium in spent fuel. In the model, helium retention decreases rapidly as the alumina is crystallized; however, the model does not reflect the critical role of grain boundaries for helium transport and storage. From literature values of helium diffusion rates in polycrystalline alumina [26] , we anticipate that helium transport out of macroscopic fuel pellets through a geometrically-connected alumina phase may be feasible for long-term spent fuel storage.
This work motivates the future investigation of highertemperature materials, such as yttria-stabilized zirconium, which may also be formed on nuclear fuel particles by ALD. Our work with particle ALD-coated alumina shows a potential path for volumetrically incorporating a very low volume phase of this material into the fuel pellet, while maintaining a uniform spatial distribution to facilitate both retention and transport. 
